by differences in stratospheric temperature, with the Arctic winter being shorter and warmer 48 resulting in less ozone depletion. 49
These ozone-depleting reactions were identified in the 1970s and the chemicals responsible are now 50 largely regulated under the Montreal Protocol (1987) . International action as a result of this highly 51 successful environmental treaty has saved Earth from significantly increased exposure to UV-B 52 radiation (UV-BR; Egorova et al., 2013) . By 2065, two thirds of global ozone would have been 53 destroyed (Newman et al., 2009 ) and by 2100 there would be no ozone layer with severe 54 consequences for all terrestrial and aquatic life on the planet (for details see analysis of the "world 55 Antarctica has implications for both the ecosystems of that continent and the rest of the planet in 151 terms of ice melt and consequent sea level rise (Turner et al., 2014) . Ozone effects on SAM should 152 become weaker as ozone concentrations recover over the next century reducing Antarctica's buffer 153 against SH warming, but this may well be countered by the effect of increasing GHG on the SAM 154 index (see Whilst East Antarctica has cooled slightly, on the west of the continent this tightening of the vortex 156 draws milder maritime air over the Antarctic Peninsula and onto the Larsen Ice Shelf resulting inSuch rapid warming contributes to enhanced melting and break up of ice sheets e.g. the collapse of 159 the Larsen B ice shelf in 2002 (Rignot et al., 2014 , Turner et al., 2009 , Turner et al., 2014 . In 160 addition to causing the poleward shift and strengthening of the westerlies, the change in the SAM has 161 led to a decrease in the annual and seasonal numbers of cyclones south of 40˚ S (Turner et al., 2014) . 162
There are now fewer but more intense cyclones in the Antarctic coastal zone between 60 and 70˚ S, without ozone depletion in order to separate the contributions from ozone and GHG forcings. All six 214 models clearly show that the increased precipitation over the region responds to ozone depletion and 215 suggest that the response to ozone depletion is larger than that due to GHG. The link with ozone 216 depletion also explains why the increase in precipitation has been seen in summer and not winter 217 This section highlights some of the ways ozone depletion has impacted terrestrial and marine 262 ecosystems through climatic change other than UV radiation. Whilst such changes are likely to have 263 had a significant impact over the past few decades, the link to ozone depletion has only recently 264 started to be considered. In this section we document those studies that have directly linked 265 biological or ecological change to ozone depletion and/or positive summer SAM-related climate 266 changes (see Figure 2) . 267
Southern Hemisphere terrestrial and aquatic ecosystems 268
The strengthening and poleward shift of the westerlies around Antarctica has been linked to 269 The ozone-hole/SAM changes to SH precipitation and temperature described above have been linked 274 to significant changes in temperate tree growth over the past 50 years that are unprecedented over the (Thomas et al., 2013) . 308
Unlike East Antarctica which has experienced slight cooling and a drying trend in summer linked to 309 ozone depletion, the Antarctic Peninsula region is warmer and wetter, due to both increased 310 precipitation and melt (Figure 2 ; but note large variability described above). On Alexander Island 311 growth rates of the moss species Polytrichum strictum increased rapidly from 1950 to the late 1970s 312 but have decreased since then. Concurrent with this, populations of testate amoeba have increased 313 rapidly over the last 50 years (Royles et al., 2013) . The microbial activity (testate amoeba) has been 314 linked to warming, which also accounts for the initial increased moss growth, whilst the recent 315 declining growth is most likely due to the increased water levels eventually making it too wet for 316 optimum moss productivity. On Signy Island, another moss species, Chorisodontium aciphyllum, has 317 shown growth rates since the 1970s that are almost 4 times the mean rate over the previous 200 years 318 If these studies are representative, the climate-related effects of ozone depletion on SH terrestrial 340 ecosystems are likely far larger than the UV-BR effects reported to date. Since the ozone hole is 341 located over Antarctica, it impinges on a relatively small area of ice-free land. Through its effects on 342 SAM and thus on summer temperatures, circulation and precipitation across all the SH continents, 343 ozone depletion is likely affecting many other terrestrial ecosystems. The most impacted are likely to 344 be those where summer weather patterns have changed due to ozone depletion (see Figure 2) and 345 especially those where summer is a major growing season. In light of these observed climate events it is virtually certain that many SH terrestrial and marine 480 ecosystems have changed. 481
Whilst the altered patterns of temperature, circulation and precipitation described above are likely to 482 have already produced marked effects on natural ecosystems, forestry and agricultural productivity 483 across the SH, it is difficult to document the contribution of ozone depletion, since so few studies 484 have sought to correlate ecosystem changes to ozone depth except in relation to increased UV-BR. 485
Unlike the ozone hole effects on UV-BR, which are likely to be most dramatic in the austral spring 486 (September to November), most of these other climate impacts will be strongest during austral 487 summer (December to February). This means they could easily be missed due to the lag between the 488 ozone depletion event and the consequent feedbacks through to climate. In the same way thatelucidation of the role that ozone depletion plays in SH climate has occurred through re-analysis of 490 summer trends in climate, similar re-analysis of ecological data would determine the role that ozone 491 depletion has played in shaping ecosystem processes through climate change. Hopefully by 492 synthesizing the state of the climate science, this paper will facilitate discussion and consideration of 493 the ozone hole as a driver for austral summer SH ecosystem impacts more broadly and stimulate 494 such re-analysis. Stratospheric ozone depletion and resultant cooling over Antarctica has caused the tropopause to lift, allowing the Hadley Cell and the polar jet stream to shift towards the South. The speed of the jet has also increased as most of Antarctic cools slightly while the rest of the world warms (see text for details). The polar shift in the jet and its increased strength has changed atmospheric and oceanic circulation throughout the Southern Hemisphere consistent with a more positive phase of the Southern Annular Mode (SAM). Over the past century, increasing greenhouse gases and then ozone depletion over Antarctica have both pushed the SAM towards a more positive phase (black arrows) and the SAM index is now at its highest level for at least 1000 years (Abram et al., 2014). As a result, high latitude precipitation has increased and the midlatitude dry zone has moved south as shown. The resultant changes to precipitation and temperature and some of their ecosystem impacts are shown in Figures 2 and 3 . As the ozone hole recovers, increased greenhouse gas forcing will likely take over and the position of the jet is thus predicted to remain in this more southerly location. Main figure redrawn from (Perlwitz, 2011) 
